INTRODUCTION

I
sothermal titration calorimetry (ITC) is a powerful technique for probing the thermodynamics of molecular interactions. ITC is most commonly used to probe the binding interaction between two molecules. These can be pairs of macromolecules or a macromolecule binding to a small molecule ligand. A schematic diagram of a typical instrument is shown in Figure 1 . An electronic feedback circuit is the key component allowing the control of the heating elements adjacent to the two cells. The experiment involves incremental addition of one species (a titrant) into its binding partner (titrate) while monitoring the energy input required to maintain the sample and reference cells at a common temperature. The integration of each peak in the power versus time curve corresponds to the heat associated with each increment of the titration.
Over the past 15-20 years, the sensitivity of these instruments has improved dramatically. 1, 2 The result of these advances is that sample requirements are now easily accessible for most types of biological systems. Since reaction heat is probed directly, there is no need to engineer extrinsic labels into the system that might perturb binding in any way, making the methodology extremely versatile and adaptable for a wide range of applications. These instruments are now widely available in shared instrumentation facilities at many universities making it possible to use them without the need to purchase the instruments individually. Thus ITC data are becoming much more commonplace in the analysis of biophysical systems, complementing gel mobility shift assays and thermal melting studies. This review will focus on the ways in which ITC has been used to study problems associated with RNA biochemistry. With that in mind, I have specifically excluded a large body of excellent work in the area of protein-DNA interactions and protein biophysics. I refer the interested reader to several other current reviews that have summarized the thermodynamics of those interactions.
OVERVIEW OF THE METHODOLOGY-HOW ITCs WORK
Titration calorimeters directly measure the energy of a chemical or biochemical reaction. Most modern instruments work in an energy compensation mode where sample and reference cells are maintained at a constant temperature, relative to the adiabatic jacket. A feedback loop controls the heating of the cells and the instrument monitors the energy required to maintain the temperature as a function of time. During the actual experiment, a small volume of a titrant A (typically 3-20 lL) is added to the titrate B (usually on the order of 1.4 mL). Each injection yields a deflection in the relative power versus time curve as the instrument compensates for the heat (q i ) absorbed or released by a given injection and the subsequent binding event (Figure 2a ). These peaks are integrated to yield the injection heat q i for a given injection and adjusted for background sources of heat resulting from dilution, stirring, etc. (Figure  2b ). The resulting ITC data must then be fit to model dependent equations. It should be noted that the first injection usually under represents the true heat because of issues with the mechanical backlash in the screw that drives the syringe. 10 As the new generation of calorimeters were first being developed, a series of mathematical expressions were derived that allowed facile analysis for the common binding phenomena encountered with biological samples [Eqs.
(1)-(3)]. 2, [10] [11] [12] The integrated heat of each injection (q i ) is a function of the fractional saturation of the binding reaction (F), the stoichiometry of the binding (n), the total concentration of titrant A (A T ), the binding enthalpy (DH), and the cell volume (V). So long as one knows the initial concentration of the titrate in the cell (B T ), one can rewrite Eq. (1) as a quadratic relationship. Upon solving for F, one gets Eq. (3), which is now in a form that can be used directly in nonlinear least-squares fitting to obtain DH, K B , and n. DG is readily obtained from K B , allowing determination of DS. Thus, from a single titration one gets a complete thermodynamic characterization of the binding interaction.
where
The product nK B Á A T , is sometimes referred to as the ''cvalue.'' The magnitude of c in a given experiment can be controlled by adjusting the titrant concentration and has a profound impact on the data quality. 14, 15 Simulated data show what a typical integrated ITC data set looks like over the range of 0.01 \ c \ 1000 (Figure 3 ). To determine a binding constant by ITC, the c-value must be between 1 and 1000, and ideally between 10 and 100. If A T is too small, many times the cell volume is required to saturate binding and dilution of the titrate over the course of the experiment makes it impossible to resolve the transition. When A T it is too large, the titration appears like a delta function where stoichiometric binding occurs in the ith injection, but no binding occurs in injection i 1 1 because binding is already saturated. Since the concentrations are limited at the low end by the need for measurable amounts of heat to be released during each injection, one finds that there is a practical limit of K B ! 10 nM for most ITC measurements unless one resorts to displacement techniques. 16 A continuous injection method has also been reported that circumvents some of these limitations and extends the accessible binding constants down to around 10 pM while simultaneously reducing the data collection time. 17 Relatively few studies have used this methodology to date, but the software necessary to analyze the power versus time curves for simple binding models is now supplied with new ITC instruments. One concern raised regarding the single injection method has been the time required to achieve complete equilibration in the calorimeter and whether this response time affects the data quality in single-injection mode.
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Joel Tellinghuisen has published extensively on the analysis of ITC data and the optimization of collection parameters to minimize these errors. 15, 19, 20 ) 1 13/c. In practice, this means that the titrant must typically be at a concentration 15-30 times that of the titrate, depending on the desired cvalue and the total volume of titrant to be added. Thus, if solubility is an issue, one should plan accordingly such that the least soluble material is used as the titrate. When assessing ITC data quality, one should look specifically for a return to a linear baseline between each injection, the presence of a well-defined inflection and very modest background heat from the final injections where little or no binding is occurring.
For the specific cases of RNAs, there are a few additional considerations that should be taken into account during experimental design. Buffer match is critical because of the high ionic strength conditions typically used for nucleic acids. Mismatched buffers leads to large background heats during the titration because of the dilution of the salts, which increases the error in the data unless due care is taken. Another issue that must be considered extensively is the energetics of refolding and structural homogeneity. This detail is particularly important in temperature dependent studies or studies at elevated temperature. In many cases, the end state of the titration (protein-or ligand-bound RNA) is thermally more stable than the unbound state. For better or worse, ITC measures all heat taken up or released during the reaction, not just that portion associated with binding. Thus, at even mildly elevated temperatures, the measured enthalpy can include both a binding component and a folding component. The effects due to folding transitions become significant in the measured enthalpy changes even 208C below the T m of the melting transition of the RNA and should be accounted for in the data analysis. Finally, be cognizant of the stoichiometry from the fitting. In many cases, noninteger stoichiometry is a strong indication of the data quality and the accuracy with which the titrate and the titrant concentrations have been measured. Errors in concentration determination or poorly behaved systems may make subsequent interpretation of the data difficult.
REVIEW OF LITERATURE
The vast majority of the ITC literature has been in the area of small molecules ligands binding to proteins, driven to a great extent by the drug discovery field. 3, 7, 21, 22 Protein-DNA 6, [23] [24] [25] and small molecule-DNA 21, 26 binding have also been studied extensively but are outside the scope of this review. The literature in the area of RNA biochemistry is much more modest.
To illustrate the utility of ITC in analyzing RNA biochemis-try, I will showcase a few studies below on ways in which ITC has been utilized to answer problems relevant to the RNA community. These studies fall into three general categories: small molecule binding, RNA-protein interactions and fundamental RNA folding studies.
Small Molecule Binding to RNAs
The binding of small molecules to nucleic acids is an exceedingly important phenomenon. Riboswitches, for instance, are metabolite sensing elements present in some mRNAs that regulate their own transcription or translation ( Figure 4 ). [27] [28] [29] [30] In the guanine sensitive riboswitch, the guanosine binding induces the RNA to fold in a manner that presents a stable terminator hairpin whereas under low guanosine conditions, the riboswitch core is destabilized allowing an antiterminator hairpin to form that permits the RNA polymerase to read through the regulatory domain. ITC has been used to study ligand binding to both the natural purine riboswitch 31, 32 as well as a 296 Feig synthetic riboswitch that responds to tetracycline. 33 Binding has been shown to be enthalpically favorable and entropically opposed for all of the species that can be accommodated into these riboswitches. The ITC data on the purine system shows a highly nonlinear temperature dependence of DH and a heat capacity change (DC P ) in great excess of what one would predict based on buried surface area approximations. 31 Such data are probably indicative of a significant structural rearrangement in the unbound state over the measured temperature range. ITC analysis has also been used to analyze the substrate specificity of the binding pocket. 31 As part of a series of guanosine derivatives, Batey and coworkers showed that hypoxanthine and purine bound rather poorly whereas 2,6-diaminopurine bound almost as well as the natural substrate. The extensive characterization of these analogs with the systematic removal of hydrogen bonding substituents showed significant nonadditive behavior. Thus cooperative interactions in the binding pocket facilitate ligand recognition and discrimination between structurally similar nucleobases.
Another group of small molecules-RNA interactions that has been studied extensively by ITC are the aminoglycoside antibiotics. These agents are known to bind the 16S rRNA, 34, 35 hammerhead ribozymes, 36 group I introns, 37 HIV Rev response elements 38, 39 and many other RNAs. The Pilch lab has looked at aminoglycoside binding to ribosomal RNAs in great detail revealing several surprises. As with the guanosine binding to the riboswitches, the heat capacity changes observed for binding were quite significant. The authors attributed these to structural rearrangements in the target RNA upon binding rather than electrostatic or solvation changes. 40 The analysis of aminoglycoside binding also illustrates the importance of performing controls to assess thermodynamic linkage when one is doing ITC. Neomycin binding to the 16S rRNA shows strong pH and buffer sensitivity. [40] [41] [42] This result epotimizes thermodynamic coupling of a binding equilibrium to a protonation/deprotonation event. By repeating the ITC measurements under several buffer conditions, one can correct the raw ITC data for the buffer contribution by using Eqs. (4) and (5) and the buffer component proton dissociation enthalpy data in Table I . Here, DH corr is the buffer independent binding enthalpy, DH obs1 and DH obs2 are observed enthalpies under different binding conditions, DH ion is the proton dissociation enthalpy of the relevant buffer, and Dn is the number of protons associated with the binding transition.
One of the strengths of ITC analysis is the ability to measure the binding under a wide range of solution conditions. The only limitation is that the titrant and titrate must be in the same buffer system. Pilch and coworkers used this flexibility to assess a variety of factors that might impact amino- 
ITC of RNA 297
glycoside binding, including ionic strength (for electrostatic contribution) and osmolytes (for solvation contribution). 40 This array of studies allowed them to partition the binding free energy into a series of component free energy terms, including: rotational and translational motions, conformational flexibility, hydration, polyelectrolyte, and direct molecular contacts. This type of deconstruction has been championed by Brad Chaires to parameterize drug interactions in a manner that will facilitate quantitative structure-activity relationships. 21 The Pilch analysis of neomycin binding showed that the specific molecular contacts provide the dominant favorable contribution toward binding with the most significant unfavorable contribution deriving from restricted rotational and translation motions. Thus, they conclude that the aminoglycoside antibiotics should be amenable to structure-based drug design to alter their affinity and/or specificity given the correct set of target RNAs. The caveat in this whole process is that the species with the highest affinity to a model target does not always correlate with the best pharmacological results. 40 
Protein Binding
Gel shift assays and filter binding studies are probably the most common means to analyze RNA-protein interactions because of their relative simplicity and their small sample requirements. 44 However, ITC provides some significant benefits over those methodologies. The flexibility and control with respect to condition space is a significant advantage as is the ability to obtain directly DH, DS, and stoichiometry information in addition to the K d . The difficulty, however, comes at the level of analysis of these extra parameters. In many cases, both the RNA and the protein undergo significant local rearrangements upon binding. This phenomenon can make interpreting the thermodynamic values in a constructive manner challenging. Nonetheless, significant insights have derived from ITC studies probing RNA-protein complex formation.
While not an exhaustive survey of the published studies, two examples will be used to illustrate how ITC has helped to develop a deeper understand of the systems being analyzed. Recht and Williamson have used ITC to probe individual steps in the assembly pathway of the small subunits of bacterial ribosomes. 45, 46 In these studies, they dissected the binding of 5 proteins (S6, S8, S11, S15, and S18) to a central domain fragment of the 16S rRNA. The most current E. coli 30S assembly map shows that S8, S11, and S15 bind in independent steps followed by binding of the S6/S18 heterodimer and then the S21 protein. 47 The ITC analysis showed that S8 and S11 are thermodynamically independent of the other proteins, but that S15 binding is cooperatively linked to the S6/ S18 heterodimer. 46 A striking result was how well the sum of the individual protein binding steps agreed with an aggregate reaction where binding of all of the components occurred during a single injection. These data showed that a deconstructive approach was justified in probing ribosome assembly. Another study used ITC to probe eIF4E binding to a 7-methyl-GpppG cap analog. [48] [49] [50] As is typical of RNA-protein complexes, the temperature dependent analysis showed significant enthalpy-entropy compensation ( Figure 5 ). Such compensation is a manifestation of heat capacity changes associated with the interaction. 51, 52 Previous work with DNA-protein complexes has shown that a sizeable negative DC P is typically associated with base unstacking transitions that are coupled to protein binding. 53 In addition, linkage to protonation equilibria also typically contributes significantly to the apparent DC P of nucleic acid-protein complexes. 54, 55 In the case of eIF4E, Niedzwiecka and colleagues deconvoluted both the linked protonation event and the singlestranded stacking transition, but still observed a very large positive DC P of 1464 cal mol 21 K (as opposed to the negative DC P s of most other systems). 49 While the experimental values are pretty clear, the interpretation of the heat capacity changes is less obvious. The authors attributed the positive value to additional hydration of polar surfaces in the bound complex. The authors have not completely ruled out the possibility that the protein undergoes significant structural changes in response to cap binding leading to the unusual heat capacity changes in this system. 298 Feig
Fundamental Folding Studies
Protein folding is typically a unimolecular event making it impossible to study by ITC with the exception of a few systems where folding is dependent upon metal ion binding. Nucleic acid folding is fundamentally different in that secondary structures can be either unimolecular, such as in the case of a hairpin, or bimolecular. In vitro, clever re-engineering can typically convert a unimolecular folding event into a biomolecular reaction. Such modification opens the door for extensive use of ITC to study RNA folding. The basic thermodynamics of RNA folding is still an active area of study despite the ever increasing acumen of the nearest neighbor algorithms inside programs like mFold, and RNAStructure. 56, 57 Part of the issue derives from the need to understand RNA structures in experimental solutions or cellular milieus, and these programs are only as good as the extrapolation of the measured thermodynamic values to the specific conditions of interest. ITC offers the ability to measure structure formation under almost any specific solution condition of interest. Furthermore, as the data is a direct measurement of the binding enthalpy, it is unaffected by issues related to non-two-state behavior the way many other techniques are. Thus, it has an important place in the study of RNA folding energetics. Several labs have begun to investigate simple duplexes 52, 58, 59 and more complicated structures like helical junctions 60-62 using ITC. The common thread that runs through these analyses is the need to carefully consider the ground state conformations prior to the binding reaction.
In the case of thermal melting experiments, the ground state is an ensemble of nearly completely unfolded species. Residual structure is often minimal because of the thermal energy of the system. In ITC, the single stranded state is typically at lower temperature and consists of an ensemble of many conformations. The extent of residual structure is much more significant and is highly dependent upon the ionic conditions and the sequences involved. This is both a strength and a weakness for ITC analysis. One can measure the K d and DH of virtually any duplex at a given temperature using ITC, but whether or not the value matches parameters derived from UV melting is highly condition dependent. The reason is that the energetics of unfolding any unimolecular structure is coupled to the formation of the duplex. If one studies the temperature dependence of the transitions by ITC, apparent heat capacity changes derive from the melting of the single stranded structures of the titrate and titrant.
This phenomenon can best be illustrated for the extreme case of hairpins that can resolve into an extended bimolecular duplex ( Figure 6 ). Such structural transitions are biologically relevant since reactions like HIV genome dimerization promoted through the interaction of the dimerization initiation sequence 63, 64 and the pairing reactions of small noncoding RNAs with structured regions of their mRNA targets to mediate post-transcriptional gene regulation in bacteria rely on these structural rearrangements. 65, 66 If one considers the ramifications of such a system of equilibria, one can express the ITC derived enthalpy change for the reaction at any given temperature based on Eqs. (6) and (7). At temperatures sufficiently low that the hairpins are fully formed (1 2 a % 1), the measured enthalpy for the formation of the bimolecular duplex at temperature T (DH The result is that one should observe highly nonlinear plots of DH versus T passing through a maximum at intermediate temperature. This temperature dependence of DH reflects not just the intrinsic heat capacity change for the system, but also the structural transition of the single stranded species. Given sufficient temperature dependent data, plots can be fit to models that account for thermal melting in the single stranded and duplex states [Eqs. (6) and (7)] where one FIGURE 6 Schematic diagram illustrating the importance of accounting for single-stranded folding in the ITC analysis of RNA structural rearrangements.
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explicitly considers the thermal unfolding of each species over the whole range of data collection temperatures. 59 While the data are most dramatic for species with highly structured single stranded states, such as hairpins, the methodology holds for all levels of structure. Thus, linear approximations for DC P are only valid in regions outside the temperature ranges where structure transitions of the component species occur.
The real value of ITC experiments becomes evident in the regime of intermediate structure. Stable hairpins exhibit significant hyperchromicity and can be readily studied by UV melting. 67, 68 Thus, one could account for hairpin unfolding computationally. The impact of single stranded structure on duplex formation is evident even when weakly structured states are present at reduced temperature. While this is not a problem for thermal melting analysis because the thermodynamic properties are measured at the T m , it does play a more important role for RNA folding at ambient temperatures. ITC analysis allows further interrogation of the structural transitions of these single stranded states that have been difficult to observe in any other way. Several groups have also begun to apply ITC to the analysis of higher order RNA structures such as helical junctions. 60, 62, 69 One can classify these studies into two types, those that initiate folding by the mixing of two RNA species in a common buffer and those that titrate Mg(II) into preannealed RNAs. Both types of reactions have benefits and limitations and they focus on somewhat different aspects of the folding process. In the case of the ion induced folding, the thermodynamics are strongly linked to the movement of ions into and out of the condensation layer with Mg 21 typically displacing Na 1 in the diffuse binding region. The energetics of the RNA rearrangements then superimpose on that effect. The Lilley Lab used ITC to study metal ion binding to the minimal hammerhead ribozyme. 69 They observed two sequential binding events where the first one was typically more favorable enthalpically and the second one more favorable entropically. DH values ranged from 24 to 16 kcal/mol range for ion binding. 69 Equivalent metal binding was observed even in mutant species A14G and dG5, which are catalytically inactive.
In the alternative experiment, one mixes two components of the junction together under conditions that allow it to fold into a native conformation. The resulting values are composites, including the contribution of the duplex regions as well as that of the tertiary element of interest. One then must deconvolute contributions of the individual helical elements from the total enthalpy to obtain the contribution from a junction or other structure. Helical junctions have been probed in this way by the Feig 62 and Turner 60 labs. In the study from the Turner lab, ITC was used to avoid problems with non-two-state behavior evident in the optical melting data. They used the data to focus on total free energy contributions over a series of junction sequences and found DG8 37 values ranging from 1 to 5 kcal/mol for the sequences tested. The free energies for these multibranch loops were highly sequence dependent and appeared idiosyncratic, but that may be the result of an insufficient numbers of examples to make the underlying patterns evident. The Feig lab study focused more directly on a single junction from the minimal hammerhead ribozyme and dissected the enthalpic and entropic contributions to folding. As with the Turner study, the absolute DG was small and slightly unfavorable (13.3 kcal/mol), but resulted from the compensation between a highly favorable entropic term and a highly unfavorable enthalpic term. In both cases, very large DC P s were reported for the junctions. These heat capacity changes most likely originate in the same types of structural transitions in the single-stranded state that were described earlier in relation to studies of simple duplexes. Additional studies will be required to decipher the precise energetics of these tertiary structures and further unravel their energetic mysteries.
CONCLUSIONS
ITC analysis comes with both advantages and limitations relative to the spectroscopic and thermal scanning methods typically used to measure the thermodynamics of RNA folding and ligand binding. On the positive side, it allows one to measure binding without the need for the chemical modifications. Furthermore, since heat is a universal detector, it can provide information on linked equilibria (such as protonation/deprotonation) that are very hard to deconvolute using other methodologies. On the negative side, the experiment typically requires significantly more sample than thermal melting analysis. The ability to probe effects in heat capacity changes as well as issues relating to single-stranded structure transitions however, makes it a very useful addition to the repertoire of thermodynamic measurements for RNA and RNP analysis.
